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Electrified District Heating Plants using Thermochemical Energy Storage
Economic assessment of the implementation of an iron redox solids cycle in fluidized-
bed-based district heating plants
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Chalmers University of Technology

Abstract

Carbon emissions, particularly from electricity and heat generation, remain a ma-
jor cause of global warming, accounting for 40 % of global CO, emissions in 2021.
To decarbonize the electricity sector, the use of variable renewable energy (VRE)
sources is being encouraged. At the same time, variation management strategies are
required to maximize the value of VRE as its share increases and to reduce curtailing.
Meanwhile, the heating sector is called to transit into an electrified scheme, which
should also reduce the use of biomass, as it is becoming a limited resource. Thermo-
chemical energy storage (TCES) systems, particularly high-temperature solid cycles,
such as metal redox-looping, provide a solution for both the electricity and heat-
ing sectors. TCES systems have the potential to use non-dispatchable renewable
electricity to reduce a metal oxide, which can be stored for long periods of time at
ambient conditions and subsequently oxidized to release the stored energy in the
form of high-temperature heat (700-1100 °C).

This thesis presents an economic assessment of the retrofitting of biomass-firing
DH plants by incorporating a TCES scheme based on metal-oxide redox cycles.
The viability of the proposed system is analyzed through a case study. Sweden
was selected for the study case owing to the existence of a metal extraction and
processing infrastructure and the availability of DH plants based on fluidized bed
(FB) boilers. The cost of the retrofit was estimated and used as an input in a linear
cost optimization model to investigate the impact of the electricity price variability
on the cost-optimal size and operation of an electrified DH plant. Today’s typical
capacity of biomass-firing DH plants was selected as a reference. The results of the
study indicate that as a consequence of including storage the operation of the plant
can be adapted to respond to electricity price variations. The proposed process
can cover the heat demand at a cost of 55-70 €/ MWh. The proposed main scheme
proved profitable for the investigated scenarios of electricity price variation, while the
economic viability of using solid oxide electrolyzer cells (SOEC) instead of alkaline
ones or adding hydrogen storage depends on the potential cost reductions in these
technologies in the future.

Keywords: variable renewable energy (VRE), thermochemical energy storage (TCES),
iron looping, district heating (DH), electricity system, Sweden, decarbonization,
electrification.
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1

Introduction

After the Paris Agreement, countries set out to aim for an average global tempera-
ture rise below 2 °C above pre-industrial levels, and to reinforce efforts to limit the
temperature increase to 1.5 °C [1]. The aim of this treaty was to limit global warm-
ing by reducing greenhouse gas emissions, so as to minimize the impact of climate
change. The largest share of carbon emissions per sector in 2021 came from the
production of electricity and heat, which accounted for 40% of the CO5 emissions
worldwide with 14.6 Gt emitted, its highest level in history [2].

Regarding the electricity system, the rapid decline in the cost of renewable energy
technologies over the last decade has promoted the introduction of variable renew-
able energy (VRE) to satisfy electricity demand [3]. However, the power generated
by sources such as wind and solar photovoltaic depends upon the weather, thus
providing a variable energy supply. Variation management strategies (e.g., energy
storage, demand-side management, supply-side management, advanced energy con-
version technologies, and grid infrastructure) are often highlighted as key enablers of
managing variability, increasing the value of VRE and reducing energy curtailment
[4-6].

With regards to the heat supply sector, biomass resources provide the main carbon-
neutral solution for the residential heating sector (given they are widely available
and sustainably managed). However, biomass is a limited resource needed in the
transition of many sectors of the economy, such as in the chemical industry, where
is used as feedstock for sustainable synthesis processes. Consequently, its future
cost and availability are highly uncertain. In September 2022, the FEuropean Com-
mission (EC) published a revised version of the Renewable Energy Directive of the
European Union (EU), which limits the use of woody biomass for power generation.
In addition, the EC requested excluding woody biomass from the calculation of the
renewable energy share of EU member countries for the 2030 climate targets in or-
der to move from neutral to negative in terms of CO, emissions [7]. This directive
sets up a challenge for countries where district heating (DH) facilities are based on
biomass-fired combined heat and power plants (CHPs). Large-scale biomass-fired
DH plants typically use fluidized bed (FB) combustors, known to have large fuel
flexibility [8]. This feature opens up the need for FB combustion plants to recon-
sider the energy source to be used, in the ideal case, these plants should make use of
VRE. The question arises of how should these plants be transformed and whether
it is possible to make a retrofit.



1. Introduction

If combined with storage technologies, DH plants can act as energy buffers, thus
aiding the penetration of VRE. The electrification of DH plants with thermochemi-
cal energy storage (TCES) has the potential to absorb non-dispatchable electricity
from VRE sources and, thereafter, produce dispatchable DH and eventually, also
electricity [9]. Some of the main advantages of TCES processes are the possibility
of storing energy over months, the high temperature at which heat can be supplied
(which depends on the chemical system used) and the possibility of reusing and
retrofitting existing DH facilities.

Studies on the implementation of TCES processes can be found in the literature,
techno-economic analyses on the large-scale implementation of these processes are
scarce, though. For the specific case of DH production, no dedicated work is available
that deals with issues such as the impact of the cost of electricity on the design of
TCES processes, investment decision-making or the identification of barriers and
opportunities. Understanding the cost-effectiveness of TCES technologies is essential
for their development and deployment.

1.1 Aim and scope

The aim of the present work is to provide an economic assessment of implementing
a TCES scheme in existing FB-based DH plants. The scheme selected for the study
is electricity-charged and based on a metal-based solid cycle. To achieve the goal of
this thesis, a series of specific objectives are defined.

e Develop the investment cost function of the retrofit.

o Study the impact of electricity price variations on the optimum investments
in process equipment and storage capacities.

o Identify the implications of future volatile electricity prices for the cost of heat
production.

o Estimate the economic indicators for the implementation of the suggested heat
production process.

The geographical scope selected for the study is Sweden, which is of special interest
because of the extensive use of biomass-fired plants for DH and the growing capacity
of VRE generation. The existing infrastructure for iron extraction and processing
in Sweden supports the availability of material to implement the TCES scheme.
Nevertheless, the investigation carried out in this work is relevant to other countries
with similar characteristics. The present thesis focuses on providing an economic
assessment at a plant level. The temporal scope considered in this thesis is one year
in a VRE-dominated electricity system.
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Background

In Section 2.1 the description of the electricity-charged metal-based solid cycles used
in the TCES process is introduced. Section 2.2 describes the Swedish DH system
with a special focus on the plants based on biomass-fired FB boilers while Section
2.3 provides an overview of the Swedish iron and steel sector.

2.1 Thermochemical energy storage

Energy storage can be achieved in a variety of ways, such as mechanical, thermal or
chemical energy storage. Chemical energy storage technologies, utilize a reversible
reaction and accumulate the energy in the formation of strong chemical bonds [10].
Materials used in chemical energy storage processes achieve much higher energy
storage capacity than mechanical and thermal energy storage technologies. 120-250
kWh/t can be achieved with chemical energy storage, while only 0.5-60 kWh/t and
10-150 kWh/t are achieved with mechanical and thermal energy storage, respectively
[11, 12]. For the specific case of TCES systems, energy is both absorbed and released
in the form of heat.

In a TCES system, there is one endothermic (energy absorption) and one exothermic
(energy release) stage. Therefore, three main operational steps for TCES processes
are identified: charging, storage and discharging. In Figure 2.1 a schematic of the
implementation of a TCES process is provided. During the charging step, heat is
stored in the material in form of chemical energy. The charging section can be
considered a Power-to-X technology that has the potential to transform electricity
into chemical energy, which is stored in the product material. During the discharg-
ing step, the energy stored is released in the form of heat at high temperatures
(300°-1100°C, depending on the chemical system chosen) [13]. Therefore, the pro-
cess has the potential to convert non-dispatchable into dispatchable energy.
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Figure 2.1: General schematic of a TCES process.

The main TCES systems can be grouped according to whether they are based on
solid-gas or gas-gas reactions. Solid-gas reactions are often preferred over gas-gas
reactions for implementing TCES systems because typically higher energy densities
can be achieved and allow greater ease of storage [12, 14]. Carbonates, hydrox-
ides, metal hydrides and metal oxides count among the different materials used in
solid-gas TCES systems [14]. Carbonate looping (Cal) processes are based on the
reversible carbonation reaction (COs with a metal oxide e.g., calcium oxide (CaO)
or magnesium oxide (MgO)), are positioned as an emerging technology for the decar-
bonization of fossil fuel power generation systems [9, 15, 16]. Other authors focus on
TCES processes based on hydroxides, which use reversible hydration/dehydration
reactions of metal oxides [17-19]. For large-scale power generation, TCES processes
based on metal oxide redox systems are often highlighted as the most promising
candidates due to the possibility to discharge the material at high temperatures
(700°-1000°C), compared to systems based on hydroxides (400°-600°C) or metal
hydrides (300°-600°C) [14, 20, 21].

When selecting a material for a TCES system for power generation, it is important
to consider factors such as the material’s ability to be stored for long periods of time
at ambient conditions and its ability to be safely transported over long distances.
Metal oxides meet these criteria. Among the pure metal oxides, cobalt oxide, iron
oxide, copper oxide, and manganese oxide show suitable reaction temperatures, high
reaction enthalpies, cycling stability, and low material costs [22]. Several authors
have conducted studies on the implementation of TCES systems based on redox
reactions using cobalt-iron (Co-Fe) and manganese-iron (Mn-Fe) mixed metal oxides
[21, 23]. Bergthorson et al. have focused on analyzing dry metal-fuel cycles based
on iron for stationary power generation. Iron is often suggested as a cost-effective

4
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solution due to its high volumetric energy density, low market price, availability and
already-existing infrastructure for its extraction and processing [11]. Additionally,
iron powders are not toxic.

Studies focusing on the reduction of iron oxide particles with green hydrogen [24]
and the retrofitting of combustors to process iron oxide particles [25, 26] support
the technical feasibility of using iron oxide-based redox cycles with TCES. In order
to fully understand the potential of TCES using iron oxide redox systems in future
VRE-dominated energy systems, techno-economic analysis, as well as studies on the
influence of the electrical system on the performance and operation of such systems
are required.

A recent study by Guio-Pérez et al. proposes and evaluates a process for the imple-
mentation of electricity-charged iron oxide-based solid cycles with TCES in existing
EFB-based DH plants [27]. The results of the mass and energy balances showed that,
at the plant level, the scheme proposed by the authors meets the heat demand of the
DH while also enhancing the plant’s capacity for the production of non-dispatchable
heat. Such work analyses the operation under selected scenarios in terms of electric-
ity price and electricity variations. While this approach provides valuable insights,
it does not fully assess the impact of the electricity system variability on the cost-
optimal sizing of the units that comprise the system studied.

2.2 Fluidized bed combustion plants with district
heating production

In Sweden, the DH sector accounted for around 49 TWh of the total energy con-
sumption in 2019, when considering both industrial and residential heat [28]. Figure
2.2, shows the different energy sources used in the production of DH in Sweden. 63%
of DH in Sweden comes from biomass, in the form of pellets or wood chips. The
use of heat pumps (HP) for DH has gained popularity over the past 20 years, due
to their high efficiency and ability to be integrated into the already-existing DH
infrastructure. Currently, 15% of the DH production comes from other fuels (i.e.,
peat or bio-oils) and 8% from waste heat. There is also around 6% of DH production
coming from fossil fuels such as natural gas, petroleum products and coal. Thus,
Sweden’s DH system is dominated by biomass.
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Figure 2.2: Input energy utilized in the production of DH in Sweden between 1970
to 2019. Adapted from [2].

As outlined in Section 2.1, TCES schemes are capable of releasing stored energy in
the form of high-temperature heat. This characteristic makes it a highly suitable
option for retrofitting existing DH plants, which are often based on biomass-fired
FB combustors, which are a commonly used technology in the Swedish DH system.
As of January 2016, Sweden had a total of 119 FB combustors installed, with a
combined thermal capacity of 6920 MW [29]. Gothenburg, Sweden’s second-largest
city, can be considered a representative case of the Swedish DH system since it
operates several DH plants based on biomass-fired FB combustors. Table 2.1 shows
the plants that make up the Gothenburg DH system.

The leading supplier of the city is the municipal company Goteborg Energi, which
operates several CHP plants, Hogsbo kraftvarmeverk, Rya kraftvirmeverk, Rosen-
lundsverket and Sévenasverket HP3 to generate both heat and electricity. The latter
uses biomass as a fuel, as does Rya varmecentral, which uses a heat-only boiler to
produce heat for the district heating network. Although the Rosenlundsverket plant
has the highest installed power (776 MW), it cannot be considered a reference case
of the biomass-dominated Swedish DH system due to its utilization of natural gas
as a source of industrial heat for the nearby industries. The company also owns Rya
varmepumpverk, a facility with two large-scale HP that use treated sewage water as
their cold sides. Several small-scale heat generation plants are owned by Goteborg
Energi in order to cover local peak loads.

The Rya plant, until March 2021, had two 55 MW fluidized bed boilers. In order to
upgrade the plant, the two old units were replaced by a new 130 MW fluidized bed
boiler [30, 31]. Savenasverket HP3 is also operating with a FB boiler since biofuels
were first used for heat production in the plant in 2004 [32]. The already-existing
FB boilers with which these plants currently operate could be modified to process

6
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metal powders [26]. As illustrated above, the standard capacity for these plants is
around 100 MW thermal output. This size is used as the reference plant size in the
current study (see Section 4.4).

Table 2.1: Heat generation plants in the current district heating system in Gothen-
burg. Eol is a fuel oil based on distillate, while Eob is a residual fuel oil. R-134a is
the refrigerant used in the HP.

District heating plant Max installed Max heat output Max electrical out- Fuel

power (MW) (MW) put (MW)
Alekérrsgatan 140 120 0 Natural gas
Angereds varmecentral 108 101 0 Bio-oil, Eol
Backa panncentral 36 32 0 Eol
Hogsbo kraftvirmeverk — 34 16 13 Natural gas
Margaretebergsgatao 0.08 0.078 0 Natural gas
Rosenlundsverket 776 670 36 Natural gas, Eob
Rya kraftvirmeverk 600 294 261 Natural gas, Fol
Rya virmecentral 110 100 0 Pellets, Natural gas
Rya virmepumpverk 55 160 0 Energy from waste water,

electricity, R-134a

Sisjéns varmecentral 24 21 0 Natural gas, Eol
Skarvik panncentra 13.5 11.6 0 Pellets, natural gas, Bio-oil
Sévendsverket HP1 81 73 0 Natural gas, Eol
Savenasverket HP2 89 80 0 Natural gas, Eol
Savenasverket HP3 105 95 13 Wood chips, bio-oil
Tynnered panncentral 22 20 0 Eol, Bio oil
Hiljered panncentral 9 8 0 Electricity, Eol
Skepplanda panncentral 3.3 2.3 0 Pellets, Eol
Sorreds panncentra 170 155 0 Natural gas, Eol, electricity

2.3 Swedish iron and steel industry

Sweden currently (2021) holds 60% of the known iron ore reserves in Europe and
carries out 92% of iron ore extraction in Europe [33]. In Figure 2.3, the locations
of current metal mines and concessions in Sweden are shown. Most of the country’s
mining operations are concentrated in the Lapland region in the North of the country
hosting nine out of the twelve active Swedish mines.
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Figure 2.3: Location of current metal mines and concessions in Sweden. Repro-
duced from [34].

One of the major applications of mined iron ore is the production of steel. Two
different steel production technologies are currently being used: the iron ore-based
steelmaking process, which uses pig iron to obtain steel using blast furnaces (BF) or
basic oxygen furnaces BOF, and the scrap-based steel production using electric arc
furnaces (EAF) [35]. Fossil fuels, such as coal, coke, and natural gas are essential
feedstock in the iron ore-based steel production process. The long-lived capital
stocks and the process emissions make the iron and steel industry challenging to
decarbonize.

Significant reduction of COs emissions from the iron and steel sector can be achieved
by either electrification, such as direct reduction with hydrogen, or by using carbon
capture systems in combination with biomass. Sweden is currently focused on the
direct reduction of iron ore [36]. Iron ore reduction with hydrogen is a process that
involves reducing iron oxide ores to produce reduced iron using hydrogen as the
reducing agent. The general idea is to use electricity from VRE sources to produce
the hydrogen required for iron ore reduction through the electrolysis of water. The
overall reaction, which begins with totally oxidized iron in the form of hematite
(Fey0s3), is (a first step in which the magnetite present in the iron ore is oxidized
to hematite is not presented here):

Fego;g(s) -+ 3H2(g) A QFG(S) + 3H20(g)

2.1
AHasgs K 1bar = +100.7 kJ /mol. (2.1)



2. Background

The reaction, in most cases, takes place stepwise. Hematite (Fe3O3) reduction to
magnetite (Fe3Oy):

F6203(S) + 1/3H2(g) A4 2/3Fe304(s) -+ 1/3H20(g)

AHaos K 1bar = +2 kJ/mol (2:2)
Magnetite (Fe3Oy4) reduction to wustite (FeO):
Fe3Oy(s) + Ha(g) ¢ 3FeO() + HaO(y 2.3)
AHagg K 1bar = +58.5 — 70.1 kJ /mol
Waustite (F'eO) reduction to metallic iron (Fe):
FeO() + Hy(g) <> Feg) + HaO(y (2.4)

AHggg K,lbar — —|—247 kJ/mol

The process can be carried out using different technologies, such as a direct re-
duction shaft furnace, a rotary kiln or a FB reactor. The latter is of great use in
multi-phase chemical reactions in technical fields like chemical and petrochemical
processes, mineral and metallurgical processes, and electric power plants [37]. FB
reactors are considered a suitable solution for the direct reduction of iron with hy-
drogen due to several benefits such as the capability to handle feedstocks of various
particle sizes, as well as a high capacity good mixing and heat transfer [38].

In addition, iron ore reduction with hydrogen in FB reactors has the potential to
be more energy-efficient and environmentally friendly than traditional methods of
iron production, such as the blast furnace process, which uses coke as a reducing
agent and emits carbon dioxide into the atmosphere. Although the technology is
still in the development stage, Metso Outotec’s Circored method is the only process
for iron ore reduction based on 100% hydrogen that has proven its functionality and
performance at MW scale [39, 40].

In the hydrogen direct reduction process the conversion of iron ore into direct reduced
iron (DRI) is usually followed by the compression of DRI into hot briquetted iron
(HBI). The main advantage of HBI is the significant decrease in reactivity compared
to DRI, which allows the handling and storage of the material more safely [41].
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Process description

As discussed in Sections 2.2 and 2.3, the reasons for considering iron oxide as the
operating material in this thesis are the high volumetric energy density, low market
price, availability, and existing infrastructure for extraction and processing of iron
in Sweden. The process scheme proposed by Guio-Pérez et al. [27] is used as the
basis for the process layouts investigated in this thesis. Section 3.1 describes the
main process layout for the proposed TCES system based on iron oxide redox cycles
for retrofitting existing DH plants. In Section 3.2 two additional process layouts for
implementing the proposed TCES process are given.

3.1 Main process layout

The input to the proposed process absorbs non-dispatchable renewable electricity,
which is used to produce the hydrogen required for the reduction of iron oxide. The
energy is then stored in the form of reduced iron oxide material and can be delivered
in the form of dispatchable heat. In the present work, the emphasis is placed on
the assessment of the option of DH production, despite the possibility of providing
combined heat and power.

Figure 3.1 shows the schematic of the so-called main process layout, where the
charging and discharging sections are differentiated. A significant advantage of the
main process layout is the availability of essential process equipment at a large
scale. The process layout considers FB reactors for both reduction and oxidation
reactors. The storage units at ambient conditions allow for the potential introduction
of shipping of charged material and make-up streams into the process, as suggested
in [27].

11



3. Process description

Make-up / Bockup solids

Charging section ~ i Discharging section
Solids—solids & d Solids-solids
Heat exchanger orge Heat exchanger
s solids é/ S
storage 7 Na
? 1 1
Reduced L
iron Iron  Iron
Iron oxide oxide oxide Reduced
iron
v H
ISteam Discharged Steam
Depleted O; ' solids ﬂ
Reduction storage Oxidation
Reactor reactor Dispatchable DH
O, for § |
oxycombustion
Non-dispatchable v
DH 1
\\_/ Purge
solids
N
Non-dispatchable (Z Air
electricity Ha >
Non-dispatchable
Alkaline Pump
Electrolyzer o~ Ho0
N\

Figure 3.1: Main process layout for implementing electricity-charged iron-based
solid cycles with TCES. Blue lines indicate fluids, green lines indicate reduced solids,
and magenta lines indicate oxidized solids. Input electricity is depicted in yellow,
and supplied heat is shown in red.

With regard to the operation of the plant, in the main process layout, the reduction
and oxidation reactors are decoupled by incorporating solids storage units. This
allows the plant to be designed in such a way that the charging section can operate
following the electricity price variations, in order to charge the material during times
of strong availability and competitive prices of renewable electricity. The process
enables the recovery of waste heat from the charging section, which can be utilized
to meet heat demand during peak periods. As stated by Guio-Pérez et al. in
[27], the proposed scheme increases the plant heat generation capacity, allowing the
possibility of using the oxidation reactor only during periods of high heat demand
and unfavorable electricity prices.

The charging section of the plant includes an electrolyzer based on alkaline elec-
trolysis cells (AEC), a reduction reactor and a HP. The electrolyzer, operated with
non-dispatchable electricity, splits water and supplies hydrogen for the reduction
reaction of iron oxide (see Section 2.3) that takes place in the reduction reactor.
The operation of the charging section results in the production of non-dispatchable
DH. Heat can be extracted and utilized in the form of DH by cooling and con-
densing the high-temperature steam that leaves the reduction reactor. The water
outlet leaving the condenser is recirculated as the input for the AEC electrolyzer.
Additional useful waste heat can be extracted from the process by utilizing the heat
losses generated during the operation of the AEC electrolyzer (up to 18.4% of the
net input, according to [42]) and upgrading the heat to DH-suitable temperatures
using a HP. The DH supply temperature in the Swedish system is typically around
90 °C [43, 44].
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Regarding the discharging section, the reduced material is fed from storage tanks
into the oxidation reactor, where the air is used to fluidize the solid material and
provide oxygen for the oxidation reaction. The heat produced during the reaction is
used to generate steam for heat production according to conventional DH schemes.
To minimize energy losses caused by storing solids at high temperatures, two solids-
solids heat exchangers (SS-HX) are introduced into the layout, which allow the input
solids streams to be preheated with the solids leaving the reactors.

According to the results of Guio-Pérez et al. [27], the conditions that favor a high
conversion rate of the reduction are, a low reaction time of 100 min, a temperature
of 1100°C and a pressure of 1 bar. Meanwhile, the operational conditions of the
oxidation reactor were fixed at 900°C and 1 bar. The results from the authors of the
chemical analysis of the solid streams showed that the oxidation reactor produced
100% Fes0s, while the reduction reactor produced a mixture of FeO (74%) and
Fe304 (26%). This suggests that metallic iron cannot be produced under the current
reduction conditions. Therefore, the process investigated in this thesis involves the
reduction-oxidation of iron oxide between its FesO3 and FeO (i.e., Equation 2.2
and 2.3).

The following subsections provide a more detailed description of each of the process
units comprising the main process layout.

3.1.1 Alkaline electrolyzer

Water electrolysis is the most developed to date process for producing hydrogen from
renewable electricity [45]. The basic operation principle of this technology consists
of using electricity to separate water into oxygen and hydrogen gas, according to
the following reaction:

Compared to polymer electrolyte membranes (PEM), and solid oxide electrolysis
cells (SOEC), AEC are in a more advanced stage of development, with a technology
readiness level of 9 [46, 47]. Due to the maturity of AEC technology and its com-
mercial availability in MW-scale, it is considered for hydrogen production the main
layout. Figure 3.2 shows the basic set-up of AEC for the production of hydrogen by
electrolysis.
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Figure 3.2: Schematic description of the electrolysis process in AEC electrolyzer.
Reproduced from [48]

AEC electrolysis technology uses two electrodes submerged in a liquid alkaline elec-
trolytic potassium hydroxide (KOH) solution [42]. Steel, nickel or nickel-plated
steel are some of the materials from which electrodes are made. Electrons flow from
the anode to the cathode, where they are consumed by H* ions to form H,. Hy-
droxide ions (OH ™) are then transferred through the alkaline electrolyte solution
from the cathode to the anode, where they are oxidized into oxygen and water [49].
AEC stacks operate at 65-90°C and can work at atmospheric pressure.

AEC electrolyzers require the inputs of electricity and high-purity water at a tem-
perature of 25 °C and a pressure of 1 bar, while the outputs of this electrolysis
technology are hydrogen, oxygen, and excess heat produced by the stack.

3.1.2 Waste heat recovery from the alkaline electrolyzer

Thermal losses from AEC electrolyzers can significantly impact the efficiency of the
process, thus incorporating a waste heat recovery system is crucial for maximizing
performance [42]. The waste heat recovery system proposed by Jonsson and Mil-
janovic [50] has been used as a reference. Figure 3.3 presents the design of the AEC
waste heat recovery system. It consists of a cooling system and a HP that transmits
the recovered heat to the DH system.
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Figure 3.3: Schematics of waste heat recovery system for AEC with integrated DH
production. Adapted from [50]

Coupling of electrolyzer to a variable electricity source implies large load gradients
and changes in the rates of internal heat generation, leading to changes in the tem-
perature profiles of the stack [51]. Therefore, thermal control within the electrolyzer
has a significant impact on the AEC stack’s overall performance. Although electrol-
ysis is thermodynamically favorable at higher temperatures, the higher the stack
temperature the greater the water loss due to evaporation and the more stringent
demands for materials for the structural integrity of AEC [52]. The cooling system
used in this work uses water as a refrigerant, which is circulated by a hydraulic
pump.

To make better use of the heat dissipated by the AEC cooling system for the DH
network, a HP is required so the temperature is increased to the level useful for DH.
A HP, in its simplest structure, consists of 5 elements: the cooling fluid, an evap-
orator, a compressor, a condenser and an expansion valve. Heat extraction occurs
when the refrigerant is at a lower temperature than the heat source and evaporates,
thus absorbing heat. The refrigerant is then circulated to the compressor, where it is
pressurized and its temperature is raised. The refrigerant then enters the condenser
where condensation of the fluid occurs, thus yielding heat to the heat sink. Finally,
the condensate passes through a valve that causes a pressure drop to the working
value of the evaporator. The HP provides non-dispatchable heat to the DH system.
Although additional elements and variations can be added to this simple scheme
with the aim of improving cycle efficiency, in this study a single-stage HP cycle has
been chosen to simplify the design.

3.1.3 Reduction reactor

FB reactors are industrial units employed in gas-solid operations. The FB consists
of solid particles suspended in a gas stream, with the gas velocity high enough to
cause the solid particles to behave like a fluid. This allows for efficient mixing and
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high heat and mass transfer rates, making fluidized bed reactors an effective solution
for processes such as gasification, combustion, and catalytic reactions [38, 53].

In the proposed process in this thesis, the iron ore reduction takes place in a FB
reactor using hydrogen as the reducing agent. The iron ore is first preheated and
then introduced into the reactor, where it is mixed with hydrogen gas. The hydrogen
gas reacts with the iron oxide to form reduced iron oxide and water, according to
the reactions presented in Section 2.3.

Due to the endothermic nature of the reduction reactions, energy is needed to main-
tain a constant temperature in the reactor. Mignard et al. explain that the reduction
step requires as high a temperature as possible to ensure fast kinetics and a high
conversion degree [54]. Spreitzer et al., after performing a multi-step kinetic anal-
ysis, conclude that the initial stage of reduction from FesO3 to FezOy, and partly
to FeQ, is controlled by diffusion and chemical reaction, which also depend mainly
on the temperature [55].

To achieve the desired temperature, the electrolyzer must produce additional hydro-
gen (around 20% compared to the amount needed for the reduction [27]), so that
the energy required by the reduction step can be supplied by the oxy-combustion of
hydrogen. In this process, the additional hydrogen and some oxygen (also produced
in the electrolysis) are mixed together in a burner, where they react to form steam
and release heat.

3.1.4 Solids storage

Iron ore is a stable mineral and does not typically react with air or water at ambient
temperatures and pressures. However, depending on the presence of impurities
or the surrounding environment if the ore is exposed to high temperatures and
pressures, such as in a fire, it may release flammable gases such as methane and
carbon monoxide [56]. Tron ore can also be affected by moisture and if stored for a
long time in a humid environment or in contact with water, it can become wet and
heavy. This can cause problems in transportation and processing. Despite iron ore
is typically stored in large stockpiles, in the proposed process the material is stored
in a storage tank.

Unlike iron ore, for reduced iron open-air storage is not recommended [57]. Reduced
iron is typically stored in a silo or dome before it is transported for processing. The
silo or dome is designed to protect reduced iron from moisture and other environ-
mental factors that could cause oxidation. Ideally, the material should be stored in
an inert atmosphere, such as nitrogen, to further protect it from oxidation. Reduced
iron that is stored in an inerted silo will lose very little metallization over the course
of time [57].

3.1.5 Solids preheating

The studied process incorporates two SS-HX, which are used to preheat the input
solids stream using the hot solids stream leaving each of the reactors. Although
high-temperature TCES processes have not yet been fully implemented, it has been
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assumed in the literature that the utilization of SS-HX technology is feasible and
would enable the achievement of the necessary heat exchange rates. For instance,
Martinez Castilla et al. in their study use SS-HX to reduce energy losses in the
CalL process related to the storage being under ambient conditions [9]. Vorrias et al.
propose a configuration of concentric L-valves as a solution for pre-heating the solids
of the CaL process [58]. A schematic of this configuration is provided in Figure 3.4.

650°C

solids from
carbonator /A

solids from
calciner

to carbonato

Figure 3.4: Schematic representation of a SS-HX. Reproduced from [58]

3.2 Additional process layouts

This section provides two additional implementation options and briefly introduces
the components which vary from the main process layout.

3.2.1 Solid material and hydrogen storage

In this additional process layout, the AEC electrolyzer is decoupled from the re-
duction reactor through the implementation of hydrogen storage. Note that the
reduction reactor remains decoupled from the discharging side as the solids storage
is also in place. Although the main process layout has fairly good operational flexi-
bility to adapt to changes in electricity prices, the additional storage may lead to a
cost-optimal solution.

As shown in Figure 3.5, hydrogen is assumed to be stored in large-scale underground
rock caverns. The hydrogen is stored in these caverns at high pressure, typically
above 350 bar, to minimize its volume. This hydrogen storage system is considered
safe and secure, as the solid rock formations provide a barrier against leaks and
external threats such as fire or earthquakes [59, 60]. The introduction of hydrogen
storage allows the electrolyzer to operate without the need to operate the reduction
reactor.
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Figure 3.5: Additional process layout 1 - Solid material and hydrogen storage.

3.2.2 High temperature electrolyzer

The AEC electrolyzer is in this layout replaced with a high-temperature SOEC elec-
trolyzer. SOEC electrolyzers operate at high temperatures (750-900°C), allowing
them to accelerate the kinetics of the reactions that take place inside the cells and
reduce the overpotential of the cathode and anode, thus lowering electrical consump-
tion [61]. In the case of SOECs, the electrolyte is a dense ionic conductor consisting
of ZrO2 doped with yttria-stabilized zirconia (YSZ) [62]. A combination of nickel
and YSZ make up the cathode, while the anode is usually made of lanthanum stron-
tium manganate (LSM) [42]. Due to the cell’s solid ceramic design and the absence
of liquid issues like corrosion are prevented, thus increasing the lifetime of the cells.

A schematic for this additional process layout, where TCES is implemented only in
the form of solids storage, is presented in Figure 3.6. As opposed to AEC electrolyz-
ers, SOEC electrolyzers consume not only electricity but also require a heat input,
therefore recovery of waste heat from the electrolyzer is not considered in this tech-
nology and the only products are hydrogen and oxygen. The heat requirements of
the SOEC electrolyzer can be supplied by the recirculation of the high-temperature
steam flow from the reducing reactor into the electrolysis cells. This approach to
heat integration leads to an improvement in the electrolysis efficiency of the SOEC
electrolyzer, which can reach 87% as reported in [27].
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Methods

The methodology developed and applied in this work is presented in Figure 4.1. The
methodology is divided into three different stages, in which tasks are represented
by green blocks in Figure 4.1. Two types of parameters are defined. The orange
blocks represent varied parameters, which are systematically adjusted to represent
a range of process layouts and configurations/mixes within the electricity system.
Conversely, fixed parameters, which are extracted from previous works are repre-
sented by yellow blocks in Figure 4.1. Lastly, the grey blocks represent the output
variables from each of the three stages. In the present study, various computing
tools are utilized during the different stages. Microsoft Excel is used to characterize
the capital expenditures (CAPEX) associated with the retrofit and to conduct the
economic performance analysis, which involves the visualization of the final results.
The cost-minimizing linear model is formulated and solved using General Algebraic
Modeling System (GAMS).

9 Equipment cost Charging section
[Process des@n] [ equations ] capacity
]

v v
Process layout Process model
List of Plant cost Mass and energy
components calculation balances
1. Investment costs structure T ﬂ MS Excel
Hourly ici Inventory
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Figure 4.1: Scheme of the methods used in the study.
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Section 4.1 describes the process followed for obtaining the investment cost function
of the retrofit. Section 4.2 describes the linear cost optimization model used for the
cost-optimal sizing of the process units. Section 4.3 focuses on the method to assess
the economical performance of the process. Section 4.4 provides an overview of the
input parameters considered for the work. Section 4.5 presents the scenarios studied
in this work. Lastly, Section 4.6 presents sensitivity analyses of parameters with a
high degree of uncertainty.

4.1 Investment cost structure

The initial stage of this thesis aims at quantifying the capital expenditure (CAPEX)
associated with retrofitting existing biomass-based DH production plants with an
iron oxide redox system with a TCES cycle. The methodology considers: (i) identi-
fying and selecting the necessary equipment for the process; (ii) running an existing
process model to compute the energy and mass balances [27]; (iii) obtaining the
parameters for the preliminary unit sizing and cost evaluation. The procedure is
completed for each of the process layouts proposed. While the size of the discharg-
ing section is fixed to the current size of the biomass boiler, the size of the charging
section depends on the characteristics of the electricity input. Thus, for the gen-
eralization of the cost equation, different sizes of the charging section (in terms of
electricity input) are evaluated. These values are extracted from the results of the
study by Guio-Pérez et al. [27].

The bottom-up approach (BUA) methodology, by Manzolini et al. [63], is used to
estimate the costs of the units of each process layout. This method, presented in
Table 4.1, is used to obtain the total plant cost (TPC) of a given process layout
from the BEC of the different units, by estimating aspects such as installation costs
or contingencies with factors.
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Table 4.1: Bottom-up-approach (BUA) cost estimation methodology. Adapted
from [63]

Methodology for calculations of the TPC Cost
Plant component

Component X X

Component Y Y

Bare Erected Cost (BEC) X+Y

Direct costs as percentage of BEC

Total installation cost (TIC) 80% of BEC
Total Direct Plant Cost (TDPC) BEC+TIC
Indirect costs (IC) 14% of TDPC

Engineering procurement and construction (EPC) TDPC+IC

Contingencies and owner’s cost

Contingency 10% of EPC

Owner’s cost 5% of EPC

Total contingencies and owner’s cost (CE&OC) 15% of EPC
Total plant cost (TPC) EPC+C&0C

The investment cost function of the process depends on the BEC of the involved
process components. The cost-to-capacity method and scale factors are a widely
used approach for estimating the BEC of industrial plants and equipment [64]. This
method is based on Equation 4.1, which utilizes a reference size (.Sy), reference cost
(Cy), and scale factor (f) as the basis for deriving specific cost equations.

C=C (;)f (4.1)

While for mature technologies, a wide range of cost equations is available in the lit-
erature, less conventional equipment (such as the reduction reactor in this process)
requires the development of a dedicated cost function. The following sections will
detail the process of obtaining the cost equation for a FB reactor used in reduc-
ing iron ore with hydrogen, and provide a list of the equations used for the other
components.

4.1.1 Reduction reactor

The literature presents a limited number of equations for estimating the costs of FB
reactors for the reduction of a solid phase. For instance, the equation proposed by
Flegkas et al. [17] for the reaction system MgO/Mg(OH),, which is derived from
[65], only considers the cost of the pressurized vessel made of carbon steel. While, the
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equation presented in [66] by Turton, provides cost estimations for process vessels, its
upper limit of applicability, related to the size of the reactor, makes it inapplicable
to the case studied in this thesis [66]. Furthermore, Woods in [67] describes two
types of reactors for reduction/calcination reactions with FB reactors, but it only
provides an equation for the one that processes small mass flows with high solid
residence times, which is not relevant to the current case, thus it is also discarded
[67].

The present work aims at developing an equation for estimating the BEC of the
reduction reactor using the method depicted in Equation 4.1. The required param-
eters for the characterization of the expression (Sy, Cp and f) are obtained from the
financial data of the GoBiGas plant [68]. The main unit of the plant, a FB gasifier,
has similar design characteristics as the FB reactor used in the process being evalu-
ated in this thesis. More information about the GoBiGas project and the reference
reactor can be found in Appendix A. Equation 4.2 is the resulting expression from
the characterization. The size of the reactor (Vieuctor) is determined by the solid
material stream entering the reactor and the particle residence time. The method
for determining the reactor volume is included in Appendix A.

‘/reac or 0-70
! ) (4.2)

= 1161 .
¢ 01906 ( 42.41

4.1.2 Other components

The cost equations for the remaining components have been obtained from the
literature. The cost of each of the SS-HX is estimated using the cost equation of
two FB dryers, as suggested in [9]. Table 4.2 summarizes the cost equations used in
this work and their sources.

Table 4.2: Bare-erected cost functions (in M€) of the equipment used in the study.
Heat flows are given in [MWth], diameters in [m], velocities in [m/s], areas in [m?],
pressures in [bar], volume of reactor and steel in [m?], volume of hydrogen in [MWHh],
mass flows in [kg/s|, electrical powers in [kW], and mechanical works in [MW].

Equipment Cost Reference
Electrolyzer C =65 P -10° [42]
Heat pump C = (0.53- Qpp) - 10° [69]
Reduction reactor C = 1161906 - (%)0'70 [70]
Solids-solids heat exchanger C =2-3.5-1071. (%)073 [67]
Cooler C = (2546.9 - AYST . pP-23) . 1076 [71]
Condenser C = (2546.9 - AYST . pP-23) . 1076 [71]
Pump C= (P’ig’;p>0'60 [71]
Solids storage C = Vieer - Csteel [72]
Hydrogen storage C' = 11000 - Vg, [60]
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4.2 Linear cost optimization model

To investigate the impact of the electricity price variations on the optimal size and
operation of the electrified DH plant with TCES, a cost optimization model was
formulated based on the one from Toktarova et al. [73]. The overall objective of
the developed linear model is to minimize investments in heat production capacities
(both dispatchable and non-dispatchable) and storage technologies (solids storage
and hydrogen storage) while also minimizing the operating costs of the electrified
DH plant with TCES, all while ensuring that the heat demand is met. It also
provides the operational times and operational levels of all the plant units. The
model developed has an hourly resolution and a temporal scope of one year

All sets, parameters and variables shown in this section are listed in Table 4.3. The
main decision variables are: heat production capacity (i,); production (g,:); and
storage charge (z¢4) and discharge (z27). The set p represents the heat production
capacities (electrolyzer waste heat recovery, reduction reactor heat recovery, oxi-
dation reactor) and storage technologies (hydrogen storage, reduced solids storage,

oxidized solids storage). The set t is time-step.

25



4. Methods

Table 4.3: Notations for the model description.

Sets

T set of time-steps

P set of all technologies

pher subset of P that includes all heat production technologies (elec-
trolyzer, reduction reactor, oxidation reactor)

pstr subset of P that includes all storage technologies (hydrogen stor-
age, reduced iron storage, iron oxide storage)

Variables

C;”” investment cost of technology p

CZ?&M’f i fixed operating and maintenance cost of technology p

cpir running cost of technology p in time-step t

Ctot total heat production cost

ip capacity investment of in technology p

Opit generation of heat and production of commodities of technology p
at time-step t

50Cp ¢ state of charge of storage technology p at time-step t

z;’;; charging of storage technology p at time-step t

zgff discharging of storage technology p at time-step t

Parameters

Djeat heat demand at time-step t

€p efficiency of storage technology p

The total heat production cost (C*™) is calculated as the sum of the cost of invest-
ment (Ci™), the fixed operating and maintenance cost (CO“M-/i) and the running
cost(C74"). The total heat production cost, which should be minimized, can there-
fore be written as:

min Ctot _ Z(C;nv + C«pO&M,fia:) + Z Z C;jzngp,t (43)
peEP peEPteT

To ensure that heat demand (D!) is satisfied at every time-step t, the constraint
indicated in Equation 4.4 is added. In Section 4.4 the hourly distribution of the
heat demand used for the cost optimization is provided.

> e = D (4.4)

pe Phpr

Equation 4.5 describes the utilization of storage units, i.e., the levels of materials
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(hydrogen, reduced iron, oxidized iron) stored using the storage technologies at every
time-step (socyy).

S0Cpy = S0Cp -1 + €pay — 207, Ype P NteT (4.5)
Where zCh represents the amount of material charged to the storage at every hour
t, 2 dfs is the amount of material discharged from the storage, and 7, is the efficiency
of the storage. In addition, the levels of products (hydrogen, reduced iron, oxidized
iron) stored using the storage technologies have to be lower or equal to the storage
capacity (i,) at all times (Equation 4.6).

socpy < i, Vp € P (4.6)

4.3 Process economic performance

An economic assessment is conducted based on the results obtained from the opti-
mization model (see Section 4.2). In order to provide an evaluation of the financial
viability of the investment, this assessment includes the revenues from heat genera-
tion. The key indicators used to evaluate the profitability of the process are: (i) Net
present value (NPV); (ii) Payback period (PBP); and (iii) Internal rate of return
(IRR).

The NPV is a financial indicator used to evaluate the absolute profitability of an
investment. As seen in Equation 4.7, it is the sum of the present values of all cash
flows generated by the investment over a time horizon. If the NPV is positive, the
investment is considered profitable; if it is negative, the investment is not considered
profitable.

N CF,

NPV = Z T (4.7)

The IRR is a financial indicator used to evaluate the relative profitability of an
investment. It represents the annualized rate of return for a project or investment,
taking into account the time value of money. IRR is the discount rate that makes
the net present value (NPV) of all cash flows from a particular project equal to zero.
A higher IRR indicates a more profitable investment and it is computed according
to Equation 4.8

z:: 1+[RR) ~Ch (4:8)

The PBP is a measure of the time it takes for an investment to recover its initial

cost. It is calculated by dividing the initial cost of the investment by the annual
cash flow generated by the investment.
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4.4 Input data

As outlined in Section 4.1, the first stage of the methodology requires a preliminary
sizing of the process units in order to characterize the CAPEX equation of the
retrofit. The details of this preliminary sizing can be found in Appendix A, which
includes the coefficients and variables used. To ensure that the CAPEX equation
for the retrofit is not based on arbitrary points, the plant size values presented by
Guio-Pérez et al. in their study are taken into consideration for the preliminary
sizing and evaluation of the cost equations [27].

Regarding the heat demand assumed for performing the cost-optimal sizing, the
reference plant used is considered to represent a 100 MW unit of a municipal DH
system (see Section 2.2). As shown in Figure 4.2, this work assumes that the electri-
fied DH plant will operate at maximum capacity throughout the year except during
the summer months, when heating is not required. Although the heat demand only
has to be satisfied for 6569 hours, it is possible that the process operates the charging
step during the months when no heat is to be supplied.
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Figure 4.2: Heat demand profile assumed in this work.

The average sales price of DH for municipality-own DH systems is SEK 830 SEK/MWh,
according to [74]. This value results in 72.8 €/MWh, according to the currency ex-
change used in this work for the Swedish krona. The selling price of heat is used to
compute plant revenues in the process of economic performance analysis using the
methods presented in Section 4.3. The nominal discount rate used for this work is
4.75 % and the lifetime of the plant is 20 years, according to the values recommended

by [75].

The initial inventory for the commissioning of the plant is assumed to be 100 % in
the form of reduced iron oxide, as the material is already charged and ready to be
oxidized in the discharging section. The inventory of reduced solids required can be
considered an investment cost since it is a material that can be cycled and used over
a long period of time. The value of HBI is taken as the reference cost of the iron
oxide material to be purchased. Although this value varies depending on origin and
product quality, the global market price for HBI is between 250-300 €/t [76, 77].
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In order to account for the purge and a make-up stream of solid material that are
required owing to the expected loss of reactivity of the stored solid material [27], an
efficiency of storage (n,) of 99 % is considered.

4.4.1 Electricity price profiles

With the purpose of assessing the impact of electricity price variation on the design
and operation of the plant, the optimization model is run using different price pro-
files. Three different electricity price profiles of Southern Sweden for three different
years (2030, 2040 and 2050) were selected. The future electricity price profiles are
obtained from a model called Hours-to-Decades (H2D), developed by Goéransoson
et al [5]. The H2D model is a cost-minimizing electricity system investment model
that uses a semi-heuristic approach.

In the H2D model, the cost of carbon dioxide is assumed at 40 €/t in 2030, increasing
to 100 €/t in 2040 and reaching 400 €/t in 2050 to incentive a complete removal of
carbon dioxide emissions from the electricity system. It should be noted that the
electricity prices from the H2D model, which in this work are used as a proxy for
future electricity prices, reflect marginal costs of electricity generation and not the
price formation on the market.

According to the results from the H2D model, the share of wind power in the elec-
tricity mix in Southern Sweden increases from 30% in 2030 to 65% in 2050. Fur-
thermore, the model predicts that the average electricity price for the years 2030,
2040, and 2050 will be 33.1 €/MWh, 49.3 €/MWh, and 50.7 €/ MWh respectively.

Figure 4.3 presents the electricity price duration curves for the three different elec-
tricity price profiles considered. As depicted in the figure, the increased penetration
of wind power in the electricity mix will result in more frequent high- and low-price
electricity periods.
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Figure 4.3: Electricity price duration curves for Southern Sweden in year 2030,
2040 and 2050

4.5 Scenarios description

To study the impact of both the process layout and the electricity price profile,
twelve different scenarios are proposed. Table 4.4 provides an overview of the pa-
rameters that define the scenarios applied in the cost optimization model. The cells
of the table representing the varied parameters are marked with two colors to indi-
cate that the analysis takes into account the designated process layout (blue) and
electricity pricing profile (yellow). The scenarios without storage of solids or hy-
drogen (No_st_alk_2030, No_st_alk 2040 and No_st_alk_2050) represent the
minimum investment level required for heat production units to meet the annual
heat demand, assuming that the iron oxide redox system operates in a continuous
loop without any storage capacity.
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Table 4.4: Schematic overview of the parameters that define the investigated sce-
narios.

| Scenario name | | TEroass Ty | Electricity price profile |
| No_st_alk_2030 | | No storage | [ Only solids storage | | Solids + H2 storage | [ SOEC Electrolyzer | 2030 | [ 2040 | [ 2050 |
| No_st_alk_2040 | | No storage | [ Only solids storage | [ Solids + H2 storage | | SOEC Electrolyzer | [ 2030 | | 2040 [ 2050 ]
| No_st_alk 2050 | | No storage | [ Only solids storage | | Solids + H2 storage | [ SOEC Electrolyzer | [ 2030 | [ 2040 | | 2050 |
| Solids_alk_2030 | [ Nostorage | | Only solids storage | | Solids + H2 storage | [ SOEC Electrolyzer | 2030 | [ 2010 | [ 2050 |
| Solids_alk_2040 | [ Nostorage | | Only solids storage | [ Solids + H2 storage | | SOEC Electrolyzer | [ 2030 | | 2040 | [ 2050 ]
| Solids_alk_2050 | [ Nostorage | | Only solids storage | | Solids + H2 storage | [ SOEC Electrolyzer | [ 2030 | [ 2040 | | 2050 |
| H2_solids_alk_2030 | | Nostorage | | Only solids storage | | Solids + H2 storage | [ SOEC Electrolyzer | 2030 | [ 2010 | [ 2050 |
| H2_solids_alk_2040 | [ Nostorage | [ Only solids storage | | Solids + H2 storage | | SOEC Electrolyzer | [ 2030 | | 2040 | [ 2050 ]
| H2_ solids_alk_2050 | [ Nostorage | [ Only solids storage | | Solids + H2 storage | | SOEC Electrolyzer | [ 2030 | [ 2010 ] | 2050 |
| Solids_soec_2030 | [ Nostorage | | Only solids storage | | Solids + H2 storage | | SOEC Electrolyzer | 2030 | [ 2040 | [ 2050 |
| Solids_soec_2040 | [ Nostorage | | Only solids storage | | Solids + H2 storage | | SOEC Electrolyzer | [ 2030 | | 2040 | [ 2050 |
| Solids_soec_2050 | [ Nostorage | [ Only solids storage | [ Solids + H2 storage | | SOEC Electrolyzer | [ 2030 | [ 2010 ] | 2050 |

4.6 Sensitivity analyses

4.6.1 Inventory material cost

The cost of inventory material is an uncertain parameter. To address the potential
impact of inventory material price variations on the cost-optimal size of the process
studied in the present work, a sensibility analysis is conducted. For this purpose,
the cost of inventory material is varied within a range from 0 €/t to 1200 €/t.

4.6.2 Bare-erected cost of the high-temperature electrolyzer

The sensitivity analysis of the BEC of the SOEC electrolyzer aims to assess the
effect of its cost evolution in the next few decades and make a more equitable
comparison to the AEC electrolyzer. In the sensitivity analysis, the BEC of the
SOEC electrolyzer is varied between the values provided in Table 4.5 and extracted
from the predictions for future costs from [42].
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Table 4.5: Values considered for the BEC of a SOEC Electrolyzer in the sensitivity
analysis. For the BEC values, the current cost of SOEC electrolyzers (2020), the
predictions for future costs (2050) and the current cost for AEC electrolyzers (2020)
are considered [42].

BEC (€/kW of total input)
SOEC 2020 | SOEC 2050 | AEC 2020
4491 783 650

4.6.3 Discount rate

In order to evaluate the impact of the discount rate on the economic performance of
the process, a sensitivity analysis is conducted. The discount rate is varied from 0%
to 15% in increments of 1%. This range is chosen to cover a wide range of possible
discount rates and provide an understanding of how the discount rate affects the
NPV of the process.
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Results and discussion

The results are presented and discussed in five different sections. First, Section 5.1
shows the cost-optimal sizes of the electrified DH plant units under the different
investigated scenarios. In Section 5.2 the heat production cost for the different
scenarios is presented. The results from the sensitivity analyses are presented in
Section 5.3. Lastly, Section 5.4 provides the results of the economic performance
analysis of the investigated process.

5.1 Sizing and investment cost

Figure 5.1 displays the results of the cost-optimal sizes of the different units in the
electrified DH plant and under the investigated scenarios outlined in Section 4.5.
Sizes are given in terms of capacity (electrolyzer and HP in MW, reduction and
oxidation reactors in t/h of solids, reduced and oxidized metal storage units in kt
of stored material) and compared against the process layout without any storage,
which represents the minimum investment level required to meet the annual heat
demand.
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Electrolyzer [MW] ‘ 121 . 121 . 121
129 164 163

Heat pump [MW] . 27 . 27 . 27
28 36 36

Reduction reactor [t/h] . 178 178 178
191 243 241

Reduced metal
storage [kt]

Oxidation reactor [t/h] 356 356
356 356

397

356
356

Oxidized metal

storage [kt] 407

No_st_alk_2030 No_st_alk_2040 No_st_alk_2050
Solids_alk_2030 Solids_alk_2040 Solids_alk_2050

Figure 5.1: Cost-optimal sizes of the different units in the retrofitted plant for
the investigated scenarios. The electrolyzer and HP sizes are expressed in MW,
the oxidation and reduction reactors’ sizes are in t/h of solids and the oxidized and
reduced metal storage are in kt of stored solids.

As can be seen in Figure 5.1, introducing energy storage in the process (scenar-
ios Solids__alk_2030, Solids_alk 2040 and Solids alk_2050), forces an overcapac-
ity of the charging section (i.e., electrolyzer, HP and reduction reactor). For the
Solids __alk_2030 scenario, the charging section units are 7 % larger than in the
No st _alk 2030 scenario, i.e., the minimum investment level. In the Solids alk 2050
scenario, the charging section units are 34 % larger compared to the minimum in-
vestment level, represented by the No st alk 2050 scenario.

Analyzing the Solids _alk scenarios alone, it can be seen that the size of the reduced
and oxidized metal storage units increases by 167 % between 2030 and 2050. At the
same time, the size of the charging section units (i.e., electrolyzer, HP and reduction
reactor) in the Solids alk scenarios increases by 27 % between 2030 and 2050. This
indicates that the increase in the variability of electricity prices adds overcapacity
in the built equipment as well as in the material inventory within the plant.

The results for the H2 solids alk scenarios reveal that the cost-optimal size of
the hydrogen storage technology is zero, while the sizes of the other units remain
unchanged compared to the Solids alk scenarios. This means that the cost of hy-
drogen storage is too high to be compensated by reducing other capacities in the
plant. Therefore the H2 solids alk scenarios are not included in Figure 5.1. When
evaluating the Solids soec scenarios, it can be seen that the cost-optimal size of
both the charging section and storage units is zero, meaning that the oxidation re-
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actor is operated as an open-loop system and the operating material (reduced iron)
is purchased to meet the heat demand. This operational mode does not follow the
proposed scheme in this thesis, therefore the results for the Solids soec scenarios
are not depicted in Figure 5.1 either.

The required investment costs (CAPEX) of Solids _alk 2030, Solids__alk 2040 and
Solids__alk 2050 scenarios are presented in Figure 5.2. The CAPEX is divided into
the costs of inventory material and equipment. The highest investment cost in all
the investigated scenarios is that of the electrolyzer, which accounts for 69 % of
the total investment costs of the retrofitted DH plant. For the Solids alk 2030
scenario, the cost of the inventory material constitutes 20 % of the total CAPEX of
the retrofitted DH plant, while for the Solids alk 2050 scenario, which presents the
highest level of variability in electricity prices, the share of the CAPEX attributed to
the cost of inventory material increases to 34 % over the total investment costs. This
shows that large fluctuations in the electricity price lead to increased investments
in inventory material.
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Figure 5.2: CAPEX breakdown into inventory material and equipment costs for
the Solids alk scenarios. Note that a size of 100 MW is assumed for the plant
retrofitted with the main process layout

5.2 Heat production cost

Figure 5.3 shows the heat production cost as the sum of the inventory material cost
(CAPEX), the equipment cost (CAPEX), the fixed O&M costs (CAPEX) and the
cost of electricity (OPEX) for six different scenarios presented in Section 4.5. All
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parts of the heat production cost are expressed per tonne of heat produced (i.e.,
€/MWh). Figure 5.3 compares the scenarios with solids storage (Solids__alk__2030,
Solids _alk_ 2040 and Solids _alk_2050) to the scenarios without any form of storage
(No__st_alk_2030, No_st_alk_2040 and No_st_alk_2050), which represent the

minimum investment level required for heat production units to meet the annual
heat demand.
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Figure 5.3: Breakdown of the heat production cost for different scenarios.

For the Solids alk 2030 scenario, the results show a 5 % decrease in heat pro-
duction cost compared to the No st alk 2030 scenario. A 9 % decrease in the
heat production cost is achieved when comparing the Solids alk 2040 and the
No_st_alk 2040 scenarios. In the Solids alk 2050 scenario, this decrease in heat
production cost reaches 19 % in comparison to the No st alk 2050. The lowest
heat production cost is obtained in the Solids alk 2050 scenario, with a value of
55.5 €/MWh. These results indicate that in a VRE-dominated electricity system
with significant price fluctuations, incorporating storage and heat production linked
to electricity price variations can decrease the overall cost of heat production.

Despite an increase in the variability in the electricity price profiles between 2030
and 2050, the share of the electricity cost is reduced from 49.5 % in Solids _alk_ 2030
to 15.6 % in Solids _alk__2050. This is achieved by increasing the investment both in
equipment and in inventory material, from 33.5 % and 9.4% in the Solids__alk_ 2030
scenario to 47 % and 26.9 % in Solids alk 2050, respectively. Therefore, these
results are in line with the observations presented in Section 5.1 regarding the trends
in equipment and inventory material investments in response to the variability of
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electricity prices.

When comparing the heat production cost of the proposed process scheme for elec-
trifying DH plants using TCES to other solutions such as biomass-fired boilers for
DH systems, several advantages can be highlighted. According to [78], combustion
in bubbling fluidized bed (BFB) and circulating fluidized bed (CFB) boilers, has a
Levelized Cost of Electricity (LCOE) range between 0.06 USD/kWh and 0.21 US-
D/kWh, depending on the availability of low-cost boilers and low-cost biomass fuels.
By incorporating power generation cost data for BFB and CFB boilers, along with
the assumed electrical efficiency, it is possible to estimate the heat production cost.

The study by [78] shows that the share of fuel costs in the LCOE can vary from
36% to 61% depending on the cost of the biomass fuel used in the boilers. As
of 2021, biomass costs have significantly increased, with industrial wood pellets
costing around €350/t and industrial wood chips costing around €160/t [79-81].
These prices are volatile and significantly affect the feasibility of constructing new
biomass-fired plants.

Figure 5.4 presents the heat production cost of biomass-fired heating plants oper-
ating on BFB and CFB boilers for different biomass fuel costs. The CAPEX for
both reactor types has been scaled from the data provided in [78], using a scale
factor of 0.6 and assuming a capacity of 100 MW. The dashed lines represent the
best and worst-case scenarios for the proposed process scheme for electrifying DH
plants, which correspond to Solids alk 2050 and No st _alk 2040, respectively.
The CAPEX distribution depicted in Figure 5.2 indicates that the investment in
equipment for the reduction reactor accounts for 15% of the total investment cost.
To estimate the installation cost of an oxidation reactor, the cost of the reduction re-
actor has been doubled. This assumption is reflected in the representation of the two
thresholds in Figure 5.4 (Solids _alk 2050 Ozidation reactor and No__ st _alk 2040
Ozidation reactor). The results indicate that when the biomass fuel cost exceeds
225 €/t, both the CFB and BFB cases taken from [78] become more expensive than
implementing TCES for electrifying the DH plant.
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Figure 5.4: Heat production cost (y-axis) of the CFB 100 MW boiler and the BFB
100 MW boiler case when the assumed biomass fuel cost is varied (x-axis).
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5.3 Sensitivity analyses

5.3.1 Inventory material cost

The share of the electricity cost out of the heat production cost is used to evaluate
the sensitivity of the results to the inventory material cost for each of the electricity
price profiles evaluated. The results of this analysis are depicted in Figure 4.6.
When the cost of the inventory material is below 200 €/t, the model results indicate
that the cost-optimal operation is running the oxidation reactor in open-loop, i.e.,
not investing in the charging section. Contrarily, when the cost of the inventory
material exceeds 900€/t in the Solids alk 2050 scenario, the cost-optimal layout
involves a small (or not at all) storage capacity, i.e., it is cost-beneficial to consume
more electricity than to purchase larger amounts of inventory material.

0.70

—Solids_alk_2030

—Solids_alk_2040
0.60 Solids_alk_2050 e

0.40

0.30

0.20

Share of the electricity cost out of the heat production cost

0.00
0 200 400 600 800 1000 1200
Inventory material cost (€/tonne)

Figure 5.5: Share of the electricity cost out of the heat production cost (y-axis)
for the Solids alk 2030, Solids _alk 2040 and Solids alk 2050 scenarios when the
assumed inventory material cost is varied (x-axis). The current (2021) price of the
inventory material is represented by the markers.

The results displayed in Figure 5.5 show that the variation of the inventory mate-
rial costs has different impacts on the share of the electricity cost out of the heat
production cost depending on the characteristics of the electricity price profile. The
share of the electricity cost out of the heat production cost changes by 27 % in the
Solids _alk 2030 scenario and by 58 % in the Solids alk 2040 scenario when the
cost of inventory material is varied from 200 to 900 €/t. However, the same increase
in the cost of inventory material only results in a 14 % change in the share of the
electricity cost out of the heat production cost in the Solids alk__2050 scenario. In
this scenario, where the variability of electricity prices is the highest, the results of
the modelling show that in order to provide a cost-optimal solution, investments
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in inventory material must be sustained despite its increased cost. The findings
highlight the significance of considering both the cost of inventory material and the

electricity systems perspective when analyzing the economics of heat production
with the investigated process.

5.3.2 Bare-erected cost of the high-temperature electrolyzer

The high BEC of the SOEC electrolyzer (4491 €/kWh) is a consequence of the early
stage of maturity of this technology and leads to the fact that the cost-optimal size of
both the charging section and storage units is zero. This means that the optimal cost
solution suggests that the oxidation reactor is operated as an open-loop (constantly
introducing fresh reduced iron) and the charging section is not needed (see Section
5.1). It is however foreseen that the price of the SOEC electrolyzer decreases with
time, and it is, therefore, relevant to study the impact of this possible cost reduction.

Figure 5.6 displays the results of the variation in the BEC of the SOEC electrolyzer
in terms of the heat production cost.
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Figure 5.6: Heat production cost for the Solids_alk and Solids_soec scenarios for
year 2030, 2040 and 2050. For the Solids soec scenario, the BEC of the SOEC
electrolyzer is varied according to the price reduction projections from [42].

The results of the analysis reveal that introducing SOEC technology is only eco-
nomically viable if its price is reduced to the predicted BEC for 2050, according to
the price reduction projections from [42]. This results in a heat production cost of
70€/MWh for theSolids__soec_ 2050 scenario (BEC 783 €/kW). By further decreas-
ing the price to match the BEC of the AEC electrolyzer in 2020 (BEC 650 €/kW),
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the heat production cost is found to be 61 €/MWh, a higher cost compared to the
55 €/MWh of the Solids _alk_2050 case (using AEC electrolyzers).

However, an important consideration when assessing the SOEC process layout is the
share of energy being actually stored, which can be quantified by the dispatchability
ratio as defined by Guio-Perez et al. [27]. In their study, the dispatchability ratio
is introduced as a way of measuring the proportion of dispatchable heat in the total
heat generated after the retrofit of the plant. The results show that the amount
of dispatchable heat generated in the oxidation reactor remains constant regardless
of the type of electrolyzer implemented but there is a difference in the added non-
dispatchable heat production. According to [27], the dispatchability ratio is 44 % for
AEC and 79 % for SOEC electrolyzer cases, due to the higher electricity consumption
and higher heat losses of AEC in comparison to the SOEC electrolyzer, resulting in
more non-dispatchable heat being generated. The higher the dispatchability ratio,
the more flexible the operation of the plant. This flexibility has an impact on the
revenues of the plant, as the selling price of dispatchable and non-dispatchable heat
may vary in the future. Therefore, a cost-only model, such as the one developed and
used in this thesis, falls short in accounting for the complete advantages of utilizing
a SOEC electrolyzer, as it does not consider the revenue dimension.

5.4 Process economic performance

Table 5.1 summarizes the economic performance results of the plant. It can be
seen that the scenarios based on the cost-optimal process layout (Solids _alk 2030,
Solids _alk_2040 and Solids alk_2050) have a positive NPV and an IRR that ex-
ceeds the 4.75 % discount rate. This indicates that investing in the process would
be profitable under the differents sets of conditions assumed in the present work.
This is reinforced by the fact that the PBP for the investment is shorter than the
time horizon considered in the study for all scenarios (20 years).

Table 5.1: Economic performance results for the cost-optimal process layout.

Scenario
Solids alk 2030 Solids alk 2040 Solids alk 2050
Net present value (NPV) 80 116 713 € 24 299 470 € 122 946 926 €
Internal rate of return (IRR) 8.7 % 5.6 % 8.6 %
Payback period (PBP) 9.4 years 11.9 years 9.4 years

The results show that the profitability of the process is highly dependent on elec-
tricity price variations and the electricity-price-following operation of the DH plant.
In the Solids _alk 2050 scenario, with the highest volatility of electricity prices, the
highest return on investment is achieved, reaching an NPV of 122.9 M€. This is
due to the fact that, as stated in Section 5.2, the cost savings are larger for higher
electricity price volatility, which results in increased cashflows and therefore larger
NPV. On the other hand, in the Solids alk 2040 scenario, where electricity prices
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are less volatile than in 2050 but with a 33 % higher average electricity cost than
in 2030, the NPV decreases to 24.3 M€, thus resulting in the lowest profitability of
the three scenarios compared.

The sensitivity of the NPV to the discount rate applied is shown in Figure 5.7 for
the Solids alk scenario for years 2030, 2040 and 2050. The IRR can be graphically
identified as the point where the function intersects the horizontal axis, i.e., where
the NPV is zero. A discount rate lower than the computed IRR indicates a prof-
itable project. According to the results displayed in Figure 5.7, the Solids alk 2050
scenario is more profitable than the Solids alk 2030 scenario when the discount
rate is between 0 and 9.4 %, which is the largest IRR computed. However, if the dis-
count rate exceeds 9.4%, the greater slope of the NPV curve for the Solids alk 2050
scenario would lead to greater losses compared to the Solids alk 2030 scenario.

500

—e—Solids_alk_2030
400 o—Solids_alk_2040
Solids_alk_2050

300

200

NPV (M€)

100

-100

-200
0% 2% 4% 6% 8% 10% 12% 14%

Discount rate

Figure 5.7: Net present value (NPV) of the electrified DH plant as a function of
discount rates.

The advantages of using the proposed scheme for the electrification of DH plants
are highlighted when comparing the results obtained from the economic performance
analysis to that of other solutions for DH systems. One solution being considered for
electrified DH systems is the use of heat pumps to recover waste heat, for example
from data centres. The study conducted by Hiltunen et al. showed that in scenarios
with low variability in electricity prices, an NPV of 98 M€ and a PBP of 5 years were
achieved for a heat supply capacity of 100 MW [82]. When considering scenarios with
higher variability in electricity, these values decreased to an NPV of 19 M€ and a
PBP of 12.5 years. Another option considered for electrifying DH systems with heat
pumps is to use water from rivers, lakes, or the sea as a source of low-temperature
heat. The study by Pieper et al. reported that this solution could result in an NPV
of 57 M€ and a PBP of 7.7 years, considering the current electricity prices [83].
These values are in line with the estimates provided by the Danish Energy Agency
for the use of HP in DH systems, which typically have a PBP within the range of
4-8 years [84].
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In contrast to these studies, the scheme proposed in this thesis was found to be more
profitable in scenarios with larger variability in electricity prices. As explained in
the work of Guio-Pérez et al., heat pumps have a dispatchability ratio of zero since
they must consume electricity according to the heat demand curve, even if electricity
prices are not favourable [27]. Therefore, heat pumps are not well-suited to handle
the variability that characterizes systems with a large share of VRE. Contrarily, the
proposed scheme introduces storage to the DH plant, resulting in a higher dispatch-
ability of the heat supply. This dispatchability enables the operation of the DH
plant to adapt and respond to variations in electricity prices. As demonstrated, this
feature is highly valuable in terms of the economic viability of the scheme proposed
in this thesis.
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Conclusions

The present thesis provided an economic assessment of the retrofitting of FB-based
DH plants by incorporating an iron-based redox cycle, which adds also the capacity
for energy storage and the conversion of non-dispatchable into dispatchable energy.
The viability of the proposed system as a practical solution for the electrification of
DH plants in a VRE-dominant electricity system was studied for the Swedish case.

The cost equation of the retrofit was determined and applied as an input in a linear
cost optimization model. The optimization model was set up to investigate how the
variability of the electricity price impacts the cost-optimal size and operation of the
units in the electrified DH plant. In addition, sensitivity analyses were conducted
to assess the impact of less certain parameters (i.e., the cost of inventory material,
the BEC of the SOEC electrolyzer and the discount rate) on the cost-optimal size
and economic performance of the process.

The study indicates that by adapting the operation of the DH plant to respond to
electricity price variations by incorporating energy storage, the cost of heat produc-
tion can be reduced (approximately about 5-19 %) compared to a scenario without
solids storage. The results also revealed that the electrolyzer and inventory material
are the most significant cost drivers across all evaluated scenarios, while investment
in hydrogen storage was found not to be an optimal addition.

The comparison of the cost of heat production between the proposed scheme for the
electrification of DH plants using TCES and a combustion-based biomass scheme,
shows that the process proposed in this thesis is cost-competitive with current mar-
ket prices for biomass fuel. The presented process proves to be less expensive than
biomass combustion at a biomass price of €225/t.

The outcome of the sensibility analyses showed that the cost of inventory material
has an impact on the optimal size and operation of the plant, causing more electricity
to be consumed to compensate for the rising material costs. Furthermore, the study
highlights that the economic viability of using SOEC electrolyzers (as an alternative
to alkaline electrolyzers) relies on the potential reduction in the bare-erected cost
during the following years as the technology matures. Finally, the results of the eco-
nomic performance analysis showed that the proposed process scheme is profitable
for the investigated scenarios.

The Swedish case study helps to understand better the characteristics of the pro-
posed system as a practical solution for the electrification of district heating plants
in a VRE-dominant electricity system. Countries with existing metal extraction
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6. Conclusions

and processing infrastructure, as well as a fleet of FB-based DH plants, could also
benefit from this process.

6.1 Future work

The process scheme investigated in this thesis presents several opportunities for
future work. One area of focus could be the detailed assessment of electricity pro-
duction through the proposed process. The oxidation of reduced iron oxide with air
in FB reactors takes place at high temperatures (up to 1100 °C), allowing for the
simultaneous generation of electricity and high-temperature heat. This is especially
interesting for CHP plants, which have an already-existing power production infras-
tructure. The potential for heat and power cogeneration also enhances the energy
system’s flexibility by enabling the use of DH plants to absorb electricity during
low-price periods and generate electricity during high-price periods.

Another aspect that requires further investigation is the dispatchability of heat. Dis-
patchability is a critical component of the proposed TCES process since, the higher
the dispatchability ratio, the more flexible the operation of the plant. The cost-only
model developed and used in this thesis does not fully account for the advantages of
utilizing high dispatchability configurations such as the one with SOEC electrolyzers,
as it does not consider the revenue dimension. Thus, further research is necessary to
consider the revenue dimension of heat in a profit-maximizing optimization model
to explore more in detail potentially advantageous configurations.
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Appendix A

A.1 Sizing of the units

A.1.1 Alkaline electrolyzer waste heat recovery

The COP is a measure of the efficiency of a HP. When calculating the COP of a
HP, the heat output of the condenser is compared to the power supplied to the
compressor, thus the ratio between the heat yielded by the system and the power
supplied by the compressor often takes higher values to the unit. Modelling the
thermodynamic cycle of the HP can be a laborious task that requires an optimization
process, which escapes the scope of the present thesis. Therefore, it has been chosen
to assume a constant COP, which will be calculated throughout this section.

The theoretical limit for the COP of a HP operating between a hot and cold focus
with constant temperatures is defined by the Carnot COP (COPg,,). The Lorenz
COP (COPp,,) is an expression based on the mean temperature differences of the
source and the sink to calculate the coefficient of performance of an infinite number
of HP processes. On the one hand, the Lorenz efficiency can be defined as the ratio

between the actual COP of the HP and Lorenz COP (Equation A.1)

COP

COPL.. (A1)

NLor =

On the other hand, 7,4 compares the real COP of a HP and the Carnot COP (see
Equation A.2).

COP

= - A-Q
7727ld COPCGT ( )

The methodology proposed by Jensen et al. in [85] has been used for calculating
the actual COP of a HP using the parameters presented in A.1:
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Table A.1: Parameters used for the COP characterization of the HP.

Parameter Value

Thot,out 90 °C
Thot.in 40 °C
Teold,out 75 °C
Teold,in 80 °C
¢y (77.5°C)  4.194 7

The results obtained are depicted in Table A.2. A value of 6.142 was obtained for
the COP of the HP. According to Jensen et al., the typical value for the 1, is
0.25 for HP operating with temperature lifts within 10-15 °C [85], while for the 72,4
values around 0.25 are provided by Jesper et al. for HP operating under similar
conditions [86]. Thus, the results obtained from the sizing of the unit are validated
and a value of 6.142 is used as the actual COP of the HP.

Table A.2: Results from the COP characterization of the HP.

Variable Value

COP 6.142
COPearnot 2421
COProren. 25.74

M2nd 0.25

NLor 0.24

A.1.2 Reduction reactor

The method presented by Flegkas et al. has been used to determine the volume of
the reactor Vieqetor [17]. The product of particle residence time 7, and the reducing
solid material stream m, yields the particle mass My, inside the reactor:

MTCM =Tp- ms (AB)
The bed volume Vj., can be obtained through the particle bulk density ppo:

M
Vieg = —2cM (A.4)

The freeboard over the bed is assumed to be three times the volume of the bed.
Finally, the total volume of the reactor is given by

V;‘eactor =3- ‘/bed (A5)
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The parameters used for evaluating the equations are:

Table A.3: Parameters used for preliminary sizing of the reduction reactor.

Parameter Value
Tp 100 min
Phulk 2500 kg/m3

Regarding the heat recovery of the steam of the reduction reactor, the following
parameters are used for the preliminary sizing of the cooler and the condenser.

Table A.4: Parameters used for preliminary sizing of the desuperheater and the
condenser for the recovery of waste heat from the steam outlet of the reactor in the

main process design.

DH2 - Desuperheater

DH2 - Condenser

Steam parameter Value Steam-Water parameter Value
T; 1100 °C T; 99.63 °C
P, 1 bar P, 1 bar
hin 4893.5 hin 2675.5 kJ/kg
Tout 99.63 °C Tout 99.63 °C
P 1 bar Tout 1 bar
hout 2675.5 kJ/kg hout 417.46 kJ /kg
DH Water parameter Value DH Water parameter Value
T; 40 °C T; 40 °C
Tout 90 °C Tout 90 °C
Heat exchanger parameter Value Heat exchanger parameter Value
U 1500 W/m2K U 1500 W/m2K

A.1.3 Solids storage

The design of a storage tank from Bayon et al. has been used as a design basis for
the solids storage units for the proposed process [72]. The parameters used for the

calculations are shown in Table A.5.
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Table A.5: Selected parameters for the calculation of the total mass of steel for
both the reduced and the oxidized material storage.

Parameter Value

Price of steel 698.40 €/t
Density of steel 7874 kg/m3

Brick height 0.0572 m
Brick wide 0.0921 m
Brick lenght 0.2032 m
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A.2 The GoBiGas project

The Gothenburg Biomass Gasification (GoBiGas) plant, which began its operation
in the spring of 2005, used gasification on an industrial scale to convert biomass into
advanced biofuel [68]. The plant operated for more than 12000 hours and was able
to produce high-quality gas from biomass gasification using various feedstocks like
bark, wood pellets, or chips. Due to unfavorable market conditions, the plant could
not transition from demonstration to commercial level and was mothballed in 2018.

Figure A.1 presents the schematic of the GoBiGas plant. The production process
was divided into two steps. The first was the dual fluidized bed (DFB) gasification
step; converting biomass to gas. In the second step, the gas was converted to specific
hydrocarbon(s), methane in the case of the GoBiGas plant.

Figure A.1: Schematic overview of the GoBiGas-plant: 1, gasifier; 2, combustion
chamber; 3, cyclone; 4, post-combustion chamber; 5, raw gas cooler; 6, raw gas
filter; 7, rapeseed methyl ester scrubber; 8, carbon beds; 9, flue gas train; 10, fuel
feeding system; 11, product gas compressor; 12, hydration of olefins and COS; 13,
H2S removal; 14, guard bed; 15, water—gas shift reactor; 16, pre-methanation; 17,
CO2 removal, 18, methanation; and 19, drying. Extracted from [87]

The DFB comprised a bubbling FB gasifier and a circulating FB combustor. The
reduction reactor, the focus of the present thesis, closely resembles a conventional FB
gasifier. Therefore, the cost estimation can be based on the cost of the FB gasifier
from GoBiGas. However, the challenge lies in the fact that DFB units are typically
manufactured as an integrated system, thus the available economic data for the
DFB system deployed by GoBiGas only reflects the overall cost of the equipment,
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without differentiating between the costs incurred by the gasifier and the combustor
components [70].

A sensitivity analysis was performed on the BEC of the reduction reactor composing
the proposed schemes when varying the reference cost used in Equarion 4.1 (see
Figure A.2). The reference cost is varied between different shares of the gasifier cost
over the total cost of the DFB from the GoBiGas plant.

40,00
w
(%))
[
£ 35,00 -
=
30,00 4
25,00 A
D 20,00 -
(a1]
15,00 -
—50%
10,00 - 44%
40%
5,00 - 36%
33%
0,00 T T T T
0 100 200 300 400 500

m (kg/s of solids inlet)

Figure A.2: BEC of the reduction reactor composing the proposed schemes when
varying the reference cost used in the cost equation. The cost is varied between
different shares of the gasifier cost over the total cost of the DFB from the GoBiGas

plant.

It is chosen to assume that the weight of the gasifier is 40% of the total reference
cost. Thus, equation 4.2 shows the final expression used for calculating the cost of
equipment of the reduction reactor.

VI
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